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True obligate halophylic algae will only grow well at elevated salt concentrations.

These species have adapted very well to a severe environmental situation. An im-

portant question to ask about these halophytes is how they are able to survive

such high salt concentrations, and what is the effect of various ecological parameters
on their growth rates. The purpose of this study was to define the environmental

factors limiting the growth of this species, and to see how these factors could be

manipulated in order to produce high yields of cells for physiological and biochemical

investigations.

Smith (1950) reported that the genus Dunaliella is worldwide in distribution

and is almost invariably present in salterns and brine lakes. Butcher (1959) in-

cluded 12 species in this genus, and stated they occur in diverse habitats including

any situation from almost fresh water to salt brine. Many studies have been car-

ried out on a variety of halophytes of the genus Dunaliella and Chlain\domonas.

These studies have included, to name a few areas, culture methods and ecological

parameters (Kirkpatrick, 1934; McLachlan, 1960; Yamada and Okamoto, 1961),

sodium requirement (McLachlan, 1960), reproduction (Latorella, 1971), salt

tolerance and osmoregulation (Baas-Becking, 1931; Marre and Servettaz, 1959;

Johnson, Johnson, MacElroy, Speer and Bruff, 1968; Okamoto and Suzuki. 1964;

Yamamoto, 1967; Yamamoto and Okamoto, 1967, 1968; Wegmann, 1971), mem-
brane characteristics (Jokela, 1969), photosynthesis (Ben-Amotz and Avron,

1972; Loeblich, 1972), and cell synchronization (Wegmann and Metzner, 1971 ).

Most algologists have tried to regulate the NaCl concentration of the culture media

but have paid little attention to other parameters besides recognizing a minimal

need and trying to satisfy this need in order to make their system work. Few
definitive studies have been done concerning environmental regulation of growth of

halophylic algae. High cell densities could be obtained but considerable time was

required because of the slow growth rate. Usually one environmental factor or

another was not considered, resulting in slow growth. The conditions that must

be considered in order to regulate a population are both physical and chemical,

and include the following : (
1

) culture media including chemical elements and their

concentrations; (2) source and amount of carbon ; (3) illumination; (4) tempera-

ture; (5) pH ; and (6) salt concentration. Each of the above factors will be con-

sidered in the following experiments.

MATERIALS AND METHODS

A series of collections were made from the brine of the Great Salt Lake, Utah,

U.S.A. After several unsuccessful attempts, unialgal cultures of an unidentified
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species of algae were obtained. According to H. C. Bold (Botany Dept., Uni-

versity of Texas, Austin, personal communication) and E. A. George (The Culture

Centre of Algae and Protozoa, Cambridge, England, personal communication) the

alga was an undescribed species of Ditnaliclla. These cultures were sustained in a

medium containing major elements as described by Dyer and Gafford (1961) and

minor elements in agreement with the work of Arnon (1938), plus 2\% (w/v)
NaCl. The Ditnaliella cultures grew well once established, as did a number of halo-

phylic bacteria. The medium was changed so that it was composed of the salts

at the concentrations listed in Table I, resulting in better algal growth and a con-

siderable reduction in the number of bacteria.

The next step in the isolation consisted of obtaining an axenic culture. This

was accomplished by using the method of Wiedeman, Walne, and Trainor (1964)
which consisted of washing the cells a number of times with sterile culture media

containing a dilute detergent, spraying a dilute sample of algae on agar plates, and

then picking and testing colonies for contamination. This method was very reliable.

TABLE I

Culture media

Salt
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liverecl to the culture through a 0.034" diameter polyethylene tubing which was

inserted into the culture through a plug. The light source at the lower intensities

consisted of two 40-watt cool white fluorescent lamps ;
at higher intensities the

source included four high intensity white fluorescent lamps. Light intensities were

measured with a GE Light Meter or a Weston Illumination Meter Model 75. The

suspension were maintained on a 20-4 hour light-dark period (to maintain high

growth rates). Sodium chloride in the media was varied between 0.0 and 35%
(w/v) as required.
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FIGURE 1. Growth curve for Dnnaliclla sp. ; temperature 30 C, 21.0% NaCl, 2% CO*,
initial pH 5.5, light intensity 5.35 Klux (1 Klux = 93.4 ft-c), and a 20-4 hr light-dark cycle.

Each point represents the mean of at least five determinations and the vertical bars represent

one standard deviation.

The pH of the culture media was adjusted to 5.5 with 0.1 M NaOHand was

then measured during the entire growth cycle (the pH could not be maintained more
neutral because of the high CC>2 levels). A Beckman Expandomatic pH meter

was used for pH determination. No Na+
correction was needed in the range of pH's

measured (Beckman Instruments, Inc., 1950). A specific buffer was not used in

the media.

Cell populations were measured at various time intervals using a model "F"
Coulter Counter with a 100

/j. aperture (Coulter Electronics, Inc, 1967). The data

were then plotted and from the resultant growth curve (Fig. 1) the specific growth
rate (k) was calculated from which the doubling time (to) was determined (Myers,

1962). Next the t2's were plotted versus the magnitude of the variable being in-

vestigated. The Coulter Counter worked very well in determining cell populations,
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but it was lime consuming; consequently, a Heekman Model "IV spectrophotometer
was calibrated at 750 11111 using known cell dilutions. A standard curve was plotted

and tbeu tbe Model "IV was employed to make turbidometric measurements of the

algal populations.

Carbon dioxide concentrations present in the ambient air were measured with a

Beckman Model 215 A IR Gas Analyzer using standard CCK> mixtures for compari-

son. A zero COL. concentration was obtained by passing the ambient air through
three 2-liter flasks containing 1200 ml of 20% (w/v) KOH. Concentrations of

CO2 above ambient were obtained by mixing compressed CO2 at a given tempera-

ture, pressure and flow rate with ambient air at the same temperature, pressure and

a flow rate calculated to give the desired final concentration.
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FIGURE 2. The effect of temperature on the doubling time (t 2 ). Growth conditions were:

21.0% (w/v) NaCl, 2% CO2 , initial pH 5.5, light intensity 5.35 Klux, and a 20-4 hr light-

dark cycle. Each point represents the mean of at least five determinations.

For experiments on the sodium requirements of the algae, the cells were grown
in 19.2% (w/v) or 28.0% (w/v) NaCl, and then centrifuged and resuspended in

a small volume of the growth media. The cell population was determined and an

aliquot of media containing 1 X 10'
;

cells was placed in complete culture media with

altered K+

/Na
+

ratios varying from 10
: '

to 10~
:!

. Environmental conditions were

optimal for growth. The doubling times were determined and plotted against the

log of the K+

/Na
+

ratio.

All of the experiments were begun by inoculating five culture tubes with a

large enough volume of inoculum so that the initial concentration of cells was 1 X

10"/ml. The growth of the cultures was monitored spectrophotometrically and the

data recorded and plotted. The doubling times were determined from the growth

curves and finally plotted. In some cases, standard deviations were calculated

and are shown in the appropriate figures.
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RESULTS

Optimum temperature for growth was determined for the cells in 19.2% (w/v)
NaCl medium at pH 5.5, 2% CO2 , 5.35 Klux and over a temperature range from
5 C-40 C (Fig. 2). Cultures were inoculated with 1 X 10 (i

cells/ml. Cell popula-
tions were measured, growth rates were calculated, at least five replications were

used, and the averages of the t^'s were then plotted versus temperature. Maximum
growth took place at 32 C with the t, == 23.8 hrs. At 5 C and 40 C, the t.'s

were 550 hrs and 415 hrs, respectively. At the lower temperature the cells were
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FIGURE 3. The effect of the NaCl concentration on the doubling time. Growth condi-

tions were: 30 C, 2% CO2 initial pH 5.5, 5.35 Klux, and a 20-4 hr light-dark cycle. Each

point represents the mean of at least five determinations.

normal and active, but had a greatly decelerated growth rate. At the higher tem-

perature the cells became distorted and abnormally large, probably due to damage to

cell enzymes, particularly those involved with the osmoregulation system.
Cells were grown at 30 C, pH 5.5, 29/ c COi>, 5.35 Klux light intensity and in

culture medium ranging in concentration from 0.0 to 35% (w/v) NaCl in order

to define the optimum NaCl concentration for growth (Fig. 3). Inoculation of

cultures and the number of experiments were as previously described except when
the NaCl concentration was changed. If the NaCl concentration was changed, it

was accomplished by dilution with distilled water, or by addition of culture media

with a higher NaCl concentration, and the change was not more than 3.5% at any
one time. Changes were completed in a six-hour period, but the cells were not

transferred to begin a new growth experiment for another four to six hours. When
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the cells were transferred it was noted that the lag time was short, comparable
to those cultures not transferred, indicating no damage to the cells due to change
in osmotic environment. Maximum growth occurred in 2.75 M or 19.2% (w/v)
NaCl with a t- of 30 hrs. The t-'s were infinity for 3.15% (w/v) NaCl and 77 hrs

for 35 c
/ f XaCl. At NaCl concentration lower than 3.15% the cells did not grow,

thus a death rate occurred rather than a growth rate, and this is not plotted in

Figure 3.

Below 7% (w/v) NaCl the doubling time was very hard to determine because

of "frothing" of the cultures. The cells clumped together and would not remain in

suspension ; consequently, there were very few measurements in this range and a

high degree of variability.
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FIGURE 4. The effect of the light intensity on the doubling time. Growth conditions were :

30 C, 2% CO2 ,
initial pH 5.5, NaCl 19.2% (w/v), and a 20-4 hr light-dark cycle. Each point

represents the mean of at least five determinations.

In order to measure the optimum light intensity the k was determined for the

algae grown in 19.2% (w/v) NaCl culture medium at 30 C, pH 5.5, 2% COu, and

over a range of light intensities from 2.12 Klux to 40.6 Klux (Fig. 4). The
inoculation of cultures and the number of experiments were as described previously.

Maximum growth took place between 25 and 35 Klux, and at this intensity t 2
=

16 hrs. The doubling time approached infinity at a light intensity less than 1 Klux.

A decrease in the growth rate also occurred at high light intensities (35-40 Klux),

probably due to pigment bleaching or photo-oxidation.
The t? for the algae was also investigated at CO2 concentrations varied from

0.0% to 4.4% (v/v) (Fig. 5), and the optimum concentration was determined.

The light intensity was held constant at 26.8 Klux (technical difficulties caused the

utilization of a slightly lower than optimum intensity), the temperature at 30 C,

NaCl concentration at 19.2% ( w/v ) and the pH, inoculation, and number of replica-
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FIGURE 5. The effect of the CO3 concentration on the doubling time. Growth conditions

were: 30 C, intial pH 5.5, light intensity 26.8 Klux, NaCl 19.2% (w/v), and a 20-4 hr light-

dark cycle. Each point represents the mean of at least five determinations.
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FIGURE 6. The effect of algal growth on the pH of the growth media, and the effect

of the pH on the growth curve. Growth conditions were as follows: 30 C, 21.0% (w/v)
NaCl, 2.0% CO2 , 5.35 Klux. Cells/ml (solid circles) ; pH of medium (solid squares). Each

point represents the mean of at least five determinations, and the vertical bars represent one

standard deviation; aerated uninoculated media (solid triangles).
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limis were maintained as previously noted. Under these conditions maximum

growth took place between 1 and 2 (

/c CO, with tz- : 10 hrs.

The pH of the growing culture was determined at the same time as the growth
rates were measured to see if any change in the pH of the culture occurred and to

determine if the change in pi I caused a change in the growth rate. The results of

the experiment are plotted in Figure 6. The number of cells/ml is plotted on the

left-hand vertical axis and the pH on the right-hand vertical axis, and both are

plotted against time. The uninoculated aerated culture medium showed a small pH
change (Fig. 6). The culture medium inoculated with 1.5 X 10" cells/ml increased

in pH at the rate of 1.56 X 10~ 2 pH units/hr up to 60 hours and a pH of 6.4.

After 60 hours, the pH rose very slowly 2.2 X 10 :!

pH units/hr up to 170 hours and
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FIGURE 7. The effect of the KYNa+
ratio at 19.2% (solid triangles) and 28.0% (solid circles)

on the doubling time. Each point represents the mean of at least five determinations.

a pH of 6.5. Figure 6 shows the growth curve and the pH curve plotted against
time. One can see that the pH over the range 5.5-6.5 has no effect on the log

phase of the growth curve. The same figure shows that the pH is altered rather

markedly by the presence of the algae.

Figure 7 shows the effect of the K+
/Na + ratio on the doubling time. The opti-

mumto occurred between a K+

/Na
+ ratio of 0.1 and 0.001 and decreased at both

lower and higher ratios. At the K+/Na +
ratio of 1.0 the k decreased very rapidly

The same phenomenon occurred in both 19.2% and 28.0% salt concentrations.

DISCUSSION

The halophylic green algae are remarkably similar to the marine and freshwater

algae in their requirements and growth response, except for their high requirement
for an osmotically active substance, usually NaCl.
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Innumerable formulas exist for media, variously selected by different labora-

tories (Society of Protozoologists, 1958). In tbe present study, most of tbe ele-

ments listed by Nicholas (1963) were used in suitable concentrations and the NaCl
concentration was adjusted to that at which near optimal growth took place. Other

authors (Gibor, 1956; Provasoli, McLaughlin and Droop, 1957; Yamada and

Okamoto, 1961 ; Johnson ct al. 1968) have used similar techniques.
All halophylic algae investigated have been grown at temperatures between

14 C and 30 C (Gibor, 1956; McLachlan, 1960; Yamada and Okamoto, 1961;

Johnson ct a!., 1968). From the above data and the data collected in the present

study, it appears that the halophytes are mesothermal species. The growth rates

of the undescribed Dunaliella were decreased at temperatures above and below

32 C, but 32 C was optimum for this species.

Light intensities that have been used to culture algal halophytes range from 1-22

Klux (Gibor, 1956; McLachlan, 1960; Yamara and Okamoto, 1961; Johnson
ct al., 1968; Wegmann, 1971; Loeblich, 1972). At all but the highest intensities

growth may actually be limited by low light intensity, but a low COo concentration

would be limiting at a higher intensity. In the present study, the to was very low

at light intensities of 1-5 Klux, optimum light intensity being about 25-35 Klux,
but these measurements were made at high COo concentrations. At the higher light

intensity and higher COo concentration, the to was 16 hrs, which was a shorter

doubling time than reported for any other halophlic algae.

The pH of the Great Salt Lake was reported between 7.4-8.4 (Flowers and

Evans, 1966), depending on the location and the ions present. The marine environ-

ment also falls within this same range (Sillen, 1967). The pH of all reported

growth experiments with halophylic species of Chlamydomonas and Dunaliella have

been carried out between pH 7 and 9 (Gibor, 1956; Provasoli, McLaughlin and

Droop, 1957; McLachlan, 1960; Yamada and Okamoto, 1961 ; Johnson ct al.. 1968;

Wegmann, 1971 ; Loeblich, 1972).

The species of Dunaliella used in this study has a wide range of pH tolerance.

The growth conditions suggest the cells are not affected by broad changes in pH
(5.5-6.5). Other experiments (to be reported elsewhere) show that there is very
little change in the photosynthetic or respiratory rate from 4.5-8.5 pH units.

Provasoli, McLaughlin and Droop (1957) suggest 4% CO2 enrichment for

growing marine algae. For many species of algae carbon as glucose or acetate may
be provided rather than COo (Myers, 1962). However, some organisms are obli-

gate photo-autotrophs and cannot utilize organic carbon from the culture medium.

All of the halophylic species of green algae investigated seem to be completely

autotrophic (Gibor, 1956; McLachlan, 1960; Yamada and Okamoto, 1961 ; Johnson
et al., 1968; Wegmann, 1971 ; Loeblich, 1972). In all of the above cases, if CO2

enrichment had been used coupled with higher light intensities (previous discus-

sion), the to would probably have decreased, indicating a shorter doubling time.

The species reported here responded very favorably to increased COo concentra-

tion. A high degree of stimulation occurred with a relatively small change in COo
concentration. An optimum growth rate occurred at \-2% COo at a given flow

rate and pressure, but these cells were grown at elevated light intensities. A
lowered pH at high COo levels could have caused the increase in doubling time,

but this information is not available at the present time.
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Salt concentrations from 0-35^ NaCl have been used to culture the brine algae

(McLachlan. 1960; Vamada and Okamoto, 1961; Johnson ct a!., 1968; Wegmann.
1971 ; Wegmannand Metzner, 1971 ; Loeblich, 1972). Optimum growth occurred

at \9.2 c
/c NaCl for the unidentified Dnnaliclla reported in this paper, thus it is

physiologically separate from other members of the genus. The t^ was maximum
at this concentration but there was a wide range of tolerance. The greatest effect of

NaCl concentration occurs at the low salinity range, and the t L. increases rapidly
below 7.0% NaCl. The osmoregulation system may be overloaded at the low

concentration of NaCl ; or there may be a leakage of the plasma membrane or an

increase in secretion of metabolic constituents into the media. There is some evi-

dence of the latter effect shown by an apparent increase in viscosity of the growth
medium.

Cells growing in environments containing a high concentration of Na+ could

have a definite Na~ requirement. McLachlan (1960) showed a Na+
requirement

for D. tertiolecta. but generally it is very difficult to prove a definite requirement
of a metal ion for a given organism (Arnon, 1938), especially for such a common
metal ion as Na+

. This experiment (Fig. 7) does not show an absolute Na+
re-

quirement, but it shows a definite dependence on the amount of Na+
in the medium

and suggests that the ion cannot be substituted for, at least by K/ at the concentra-

tions used in these experiments. There is a possibility that another osmotic agent
could be used to substitute for the Na+ or both the Na+ and the Cl~. A compound
like glycerol, carbowax (polyethylene glycol), sugar, or sugar alcohol, or even an-

other alkali or alkali earth salt could be used. These experiments have not been

carried out to date because of two problems : one being toxicity of the substitute

compound ; and the other being low solubility.

\Yith cells grown in a 2.75 M salt media, the optimum t- occurred at a K+/Na +

ratio of 0.01, but at a 1/1 K+/Na +
ratio the to decreased very rapidly. As the K+

concentration increased and the Na+ concentration decreased, the specific growth
rate decreased. This suggested that at least the K+ to Na+

ratio was very important ;

and once a certain level is reached, the cells do not function properly. Possibly the

internal K+ concentration was at such a high level it inhibited certain enzymatic
reactions by substituting for Na+

at the active site. Sorger, Ford and Evans ( 1965 )

showed a definite requirement of some enzymes of mesophytes for Na+ or K+
. They

reported that some substitution of ions could occur, but the activity was reduced.

Another possibility could be that K+ was actively absorbed until a much higher

internal K+ concentration occurred ; and if this happened, the high ionic strength of

the K+ could precipitate some enzymes, or change their charge distribution and cause

them to be inactive or to have a lower activity. The cause of the decrease in the

specific growth rate is not known, but the experiment showed that the cells would

not grow in a high K+ medium ; however, they would grow in a high Na+ medium,

suggesting a Na+

requirement. At the same time, there was a slight increase in the

t-j at low K+ concentrations suggesting a K+
requirement. The cells in these ex-

periments were not killed by osmotic shock because changes in osmodicum occurred

over an eight to twelve-hour period.

The same experiment was carried out at a 4.0 M concentration, and the results

were very similar. The decrease in growth rate at a higher salt concentration was
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expected and occurred in other experiments. This decrease could have been due

to a higher internal NaCl concentration, an osmotic response, and/or a reduction

in enzyme activity (Johnson et a/., 1968), or it could have been due to a lower

P/R ratio, resulting from a greater energy expenditure for osmoregulation (Mc-

Lusky, 1969.) The optimum doubling occurred at the same K+

/Na
+

ratio and a

very steep decline occurred at a K+
/Na

+ ratio of 1.0. The doubling time increased

to infinity at 0.1 M and beyond that point the specific growth constants were nega-
tive (death rates) and are not shown in Figure 7, but the magnitude of decrease

was not as great as in the 2.75 M medium. One possibility to be considered is that

even though the K+/Na + ratio was the same, there were more Na+
ions present

at the higher molarity than there were in the 2.75 M media thus modifying the

deleterious effect.

The optimum conditions for the growth of this species of Dnnaliclla as deter-

mined in these experiments are as follows: NaCl 19.2%, COL. \-2% delivered at

a rate of 2.18 ml/min/ml culture solution, temperature 32.0 C, light intensity

25-35 Klux, and a pH range from 5.8-6.5. Under these conditions the doubling

time (tii) was 10 hours. The optimum conditions described here ignore any inter-

action between factors tested.

The specific growth rate and the doubling time for optimal growth can be com-

pared directly with freshwater, marine or other brine algae. Specific growth rates

and t L.'s reported were not greatly different from those reported for other species

of algae grown under optimum conditions (McLachlan, 1960; Yamada and Oka-

moto, 1961; Tailing, 1962; Wilson and Lords, 1965; Fogg, 1965; and Loeblich,

1972).

Of all the factors tested the one most limiting was CO-2 concentration (Fig. 5).

A very slight increase in COL. concentration over ambient caused a very marked

change in the t 2 ( Fig. 5 ) . This dramatic increase in growth rate did not occur

for any of the other variables tested, at least not in the "normal" physiological or

ecological range, but at the limits drastic changes in doubling time occurred.

This species is not unusual because it grows and divides at a given rate, a rate

at least equal to that of many freshwater and marine forms ; but that it can grow
and divide at this rate in a saturated NaCl medium, and that growth does not

occur at all in media containing less than 3.15% NaCl.

One of the postulated reasons for a maximum growth rate at a high salt con-

centration for the algae is that the internal salt concentration is lower than that

of the medium (Yamada and Okamoto, 1961; Johnson ct al., 1968). If this is

the case, another active osmotic agent must be present, and evidence has been pre-

sented to show that glycerol may be thrs agent (Craigie and McLachlan, 1964;

Jokela, 1969; Wegmann, 1971 ). Next, one should ask why the cells do not grow
well at salt concentrations higher or lower than optimum. This point remains to

be investigated ; but possibly the osmoregulation system is inhibited at higher and

lower salt concentrations due to a breakdown of the control caused by a reduced

energy supply (inhibited respiration or photosynthesis), decreased glycerol produc-

tion or alterations of the Na+/K +

pumping or regulatory system which may lead to

the rupturing of the cells, or reduced growth rates. There may be other factors

involved, but they are not known at the present time.
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SUMMARY

A halophylic species of Dunaliclla was isolated from the Great Salt Lake,

Utah, and established in axenic culture. A balanced culture media was developed

containing major and minor elements as well as a sufficient concentration of an

osmotic agent. The effects of various environmental factors on the growth of this

species of algae were investigated and optimum growing conditions were delineated.

Optimum conditions for growth of this species are as follows: (1 ) temperature 32

C; (2) NaCl 19.2% (w/v) ; (3) CO, 1-2% at a rate of 2.2 ml/mm/ml of culture

media; (4) light intensity 25-35 Klux ; and (5) pH 5.8-6.5. The K+/Na + ratio

should not be more than one. and better growth took place when this ratio was less

than 0.1. The specific growth constant for this halophyte under the above condi-

tions was 0.069 hrs' 1
, which is equal to a doubling time of 10.0 hours.
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